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Multisection Proton MR Spectroscopic Imaging
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The authors developed a hydrogen-1
ptoton magnetic resonance (MR) imag-
ing method in which metabolic infor-
mation is acquired by obtaining multi-
ple sections through the brain. A
spin-echo sequence is used for section
selection, an octangular outer volume
saturation pulse for lipid suppression,
and a chemical-shift-selective satura-
tion pulse for water suppression. High-
quality maps of choline, creatine, and
N-acetylaspartate were obtained in six
studies performed in four volunteers.
Water and lipid signal from the skull
area was well suppressed by the pulse
sequence used.

Index terms: Brain, MR, 15.12145 ¢ Magnetic
resonance (MR), spectroscopy, 15.12145
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N recent years, there has been increas-
ing interest in the study of brain me-

“tabolism with proton magnetic resonance

(MR) spectroscopy and spectroscopic
imaging, because they allow noninva-
sive assessment of regional biochemical
activity (1-4). Metabolite levels are mea-
sured in a single volume with proton
spectroscopy; with proton spectroscopic
imaging, the spatial distribution of me-
tabolites (N-acetylaspartate [NAA], total
choline, total creatine, and lactate at an
echo time [TE] of 272 msec, for example)
is measured over a predetermined vol-
ume of interest (VOI). Hydrogen spec-
troscopic imaging (HSI) studies of dis-
eased brain have shown locally altered
metabolite levels in chronic and acute
brain infarction (5,6), multiple sclerosis
(7,8), epilepsy (9,10), brain tumors (11-
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13), and acquired immunodeficiency
syndrome (14).

Most existing HSI techniques used in
evaluating human brain metabolism are
based on preselection of a VOI within
the skull, to reduce the undesirable res-
onances of water and lipid originating
from areas outside the VOI (15-19). This
is generally achieved with a double
spin-echo technique (20,21) or a stimu-
lated-echo technique (22-25). One or
two dimensions of gradient phase en-
coding are employed to spatially dis-
criminate within the VOI. Most re-
cently, HSI experiments have been
extended to three dimensions of phase
encoding (17,26), allowing extension of
the VOI in all three dimensions and ob-
tainment of metabolic information from
a larger brain volume. Because of the
large number of phase-encoding steps
in such experiments, the clinical limita-
tion on the total measurement time be-
comes a severe restriction. For example,
an experiment with 16 X 16 x 12 phase-
encoding steps and a repetition time
(TR) of 2 seconds would require 1.5
hours of total measurement time. In the
case of severely ill or unstable patients,
such study lengths are prohibitive.

In this work, we present an alterna-
tive multisection HSI technique, in
which the VOI is allowed to extend
closer toward the skull. Preliminary re-
sults of this work were recently pre-
sented (27), at the same time as an alter-
native multisection technique (28) in
which lipid suppression is achieved on
the basis of T1 differences between lipid
and metabolites of interest.

Materials and Methods

Subjects.—Six studies were performed
in four healthy volunteers (three men
and one woman; age range, 25-37
years), all of whom provided informed
consent as approved by a National Insti-
tutes of Health Intramural Review
Board.

MR proton spectroscopic imaging.—All
experiments were performed with a
conventional 1.5-T whole-body imager
(Signa; GE Medical Systems, Milwau-
kee, Wis) with actively shielded gradi-
ents of 10 mT/m strength. The multisec-
tion pulse sequence consisted of three
parts: (2) a chemical shift-selective
(CHESS) saturation pulse for water sup-
pression (29-32); (b) an outer volume
saturation (OVS) pulse for suppression
of lipid and water signals originating
from the skull and scalp (17); and (c) a

spin-echo sequence for section selection
(27) (Fig 1).

The CHESS sequence (Fig 1a) was a
combination of a single-lobe sinc radio-
frequency (RF) pulse of 18-msec dura-
tion with a gradient crusher pulse of
20-msec duration and 14 mT/m total
strength. To avoid unwanted echoes,
the direction of the crusher pulse was
changed for each acquisition. For each
study, the flip angle was adjusted to
compensate for T1 relaxation effects
(31).

The OVS sequence (Fig 1b) consisted
of eight sinc-gauss (four-lobed sinc) sec-
tion-selective pulses of 4-msec duration
and exciting eight sections of 35-mm
thickness just outside the brain, along
the outline of the skull. The same set of
OVS sections was used for each brain
section studied. The orientation and
position of each of these sections was
calculated from coordinates describing
the brain outline. The coordinates, four
in the superior plane and four in the
inferior plane, were measured by the
operator from localizer gradient-re-
called acquisition in the steady state
(GRASS; GE Medical Systems) MR im-
ages. The OVS sections generally tilted
toward the caudocranial axis. The RF
pulses were applied in four pairs, each
pair followed by an 8-msec crusher gra-
dient pulse of 14 mT/m. The pulse pairs
selected pairs of opposing sections (left
and right, anterior and posterior, and
the two diagonal pairs) as indicated in
Figure 1c. The crusher orientation was
changed for subsequent pulse pairs, to
avoid unwanted echoes. The flip angle
of each RF pulse was corrected for T1
relaxation effects (31), with the assump-
tion that lipid T1 was 280 msec.

The spin-echo sequence (Fig 1a) con-
sisted of a section-selective 90° and a
180° RF pulse exciting approximately
the same section. The 180° RF pulse was
flanked by 4-msec gradient crushers in
the x, y, and z directions, resulting in
strength of 17 mT/m. The crusher orien-
tation was changed for each section, to
avoid unwanted echoes. The nominal
section thickness was 13 mm. The band-
width of the 90° pulse was 2.0 kHz. The
bandwidth of the numerically opti-
mized 180° RF pulse was slightly larger
(2.2 kHz), to improve the section profile.
A 256-msec echo was acquired symmet-
rically at a TE of approximately 272
msec. The spectral width was 1,000 Hz.

Four axial or oblique (anterior-poste-
rior angulation) parallel sections were
excited sequentially by changing the
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transmitter frequency offset for both 90°
and 180° RF pulses. With an intersection
gap of 4.5 mm, there was negligible
overlap between sections. Therefore,
magnetization of a specific section was
not perturbed while other sections were
studied. An effective TR of 2.3 seconds
was used. Water and OVS suppression
were independent of the particular sec-
tion being studied. The sections were
studied in consecutive order, starting
from the most inferior location. Two-
dimensional phase encoding was per-
formed immediately following applica-
tion of the last gradient crusher pulse,
prior to data acquisition (18). Thirty-two
by 32 phase-encoding steps were used
over a 240-mm field of view. A circular
k-space sampling scheme (33) reduced
the total number of phase-encoding
steps by 25%, for a total acquisition time
of 27 minutes.

Protocol.—Prior to the HSI experi-
ment, sagittal GRASS images were ac-
quired and used to determine position
and angulation of the VOI. Subse-
quently, multiple (5-mm-thick) GRASS
MR images were obtained at 600/30 (TR
msec/TE msec) at the predetermined
angulation, with a flip angle of 30°. The
most inferior HSI section was chosen to
be just above the sinuses. The coordi-
nates for positioning the OVS pulses
were measured from the oblique GRASS
images. Subsequently, the multisection
spectroscopy sequence was run in sin-
gle-section mode, to adjust the power
output of the RF amplifier and to opti-
mize the homogeneity of the constant
magnetic induction field (By). For this
purpose, the section thickness was set
to 65 mm to encompass all of the vol-
ume to be studied, and the OVS pulses
were switched off. The RF power was
adjusted by maximizing the spin-echo
signal. Finally, the RF pulse angle of the
CHESS water suppression pulse was
optimized, and the HSI experiment was
begun. After completion, a series of ob-
lique GRASS MR images was obtained
at 600/30 with a flip angle of 30° and a
section thickness and location corre-
sponding with that used in acquisition
of the spectroscopic images. The total
study time, including setup, MR imag-
ing, and HSI data acquisition, was less
than 1 hour.

Data processing.—The raw data matrix
of 256 X 32 X 32 X 4 quadrature pairs
was transferred to a workstation (Sun
Microsystems; Mountain View, Calif)
for off-line processing and viewing by
means of software developed with the
IDL data processing language (Research
Systems, Boulder, Colo). Each section
was then processed separately. First,
cosine filters were applied in the spec-
tral and spatial domains. The spatial
filter was applied radially (two-dimen-
sional filter), starting at half the maxi-
mum radius. The data matrix for each
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Figure1. Pulse sequence diagrams for multisection proton spectroscopic imaging. Gradient
crushers (#) and section-selection gradients () are indicated. (a) Basic spin-echo sequence for
section selection. A CHESS pulse for water suppression is included. Gradient crushers for
phase dispersion of the water magnetization are indicated (§). The frequencies of both sec-
tion-selection RF pulses are changed for each consecutive section. The diagram covers two
sections. Notice the change in direction of the TE crushers and water suppression gradients to
avoid unwanted echoes. The acquisition window is shortened for clarity. The timing of the
OVS pulse is indicated. acg = acquisition. (b) OVS scheme for suppression of eight sections
around the brain. The OVS is arranged in four pairs of opposite sections, each pair followed
by a crusher gradient. Flip angles are indicated as separate « pulses (a > 90°) to indicate the
small differences to adjust for T1 relaxation of lipid resonances. (¢) Order and location of the

sections (points 1-8) of the OVS suppression.

section was zero-filled to 512 X 64 x 64
points, and three-dimensional Fourier
transformation was performed. The re-
sulting effective in-plane spatial resolu-
tion was 12 mm, as calculated from the
contour of the two-dimensional point
spread function at half maximum
height, including a correction for effects
of the circular k-space sampling scheme.
Spectra were corrected for By inhomo-
geneities by referencing to the position
of NAA. If the NAA intensity dropped
below a certain threshold, its position
was copied from neighboring voxels.
Metabolite images of NAA, choline, and
creatine were created by integrating
metabolite peaks over a frequency band
of 0.18 ppm.

Since lipid and water suppression are
crucial markers of HSI performance,
both were evaluated by using an auto-

mated analysis of all spectra, originating
from regions within the area sup-
pressed by the OVS pulses. In this anal-
ysis, the spectral regions from 1.70 to
1.88 ppm and from 2.24 to 2.42 ppm
(upfield and downfield from NAA, re-
spectively) were regarded as represen-
tative of lipid contamination, whereas

. the spectral area from 3.40 to 3.58 ppm
(downfield from choline) was regarded
as representative of water contamina-
tion. A measure of contamination was
obtained by integrating all spectra in
these spectral areas and normalizing to
the NAA intensity.

Results

Figure 2 shows four consecutive
planes (inferior to superior) from an
HSI study obtained in a healthy volun-
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Figure 2. Multisection HSI data set of the brain of a healthy volunteer shows four parallel oblique (20°) sections (13-mm thickness, 4.5-mm
gap). The order (a—d) is from inferior to superior. For each section, a GRASS image (600/30; flip angle, 30°) and maps of total creatine (Cr), total
choline (Cho), and NAA are shown. Image intensity is linear from zero to the maximum level. Notice the drastic increase in choline and creatine
levels in the cerebellum compared within the remainder of the section, and the loss of metabolite intensity in the ventricles and middle portion
of the brain, accurately corresponding to the GRASS images. No lactate was detected. On the NAA images, the hyperintense spots outside the
brain resulted from residual lipid signal.
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teer. For each plane, a GRASS image
and NAA, choline, and creatine metabo-
lite maps are given. The intensity scal-
ing is adjusted for each image. The in-
creased choline and creatine in gray
matter of the cerebellum and the signal
losses in cerebrospinal fluid spaces ante-
rior to the cerebellum and near the cau-
date nuclei and globi pallidi are clearly
seen in section 1 (Fig 2a). The signal loss
in the caudate nuclei and globi pallidi is
possibly due to susceptibility effects. In
section 2 (Fig 2b), the creatine signal is
reduced in white matter. In all sections,
the major cerebrospinal fluid spaces
(ventricles and midline) are easily iden-
tified from signal loss of the metabolites,
demonstrating the excellent HSI quality.
The signal-to-noise ratio for the NAA
images varies between 15 and 20. All six
studies performed in the volunteers
were successful.

An example of the analysis of lipid
contamination is shown in Figure 3 as a
histogram of the number of volume ele-
ments (in percentage of the total num-
ber of brain voxels) containing “lipid”
intensity (in percentage of the NAA in-
tensity). The solid curve shows a sym-
metrical distribution, centered around
9%. This indicates almost complete
elimination of lipid contamination be-
cause the value of 9% is close to the
noise level. To evaluate the effects of the
OVS procedure, the experiment was
repeated without OVS. This experiment
is represented by the dashed curve,
showing a relatively broad distribution
and reaching a maximum at about 20%,
indicating substantial lipid contamina-
tion.

The results of the contamination anal-
ysis performed in all studies are aver-
aged over all four planes and summa-
rized in the Table. The contamination of
water and lipid is each characterized in
the Table by three numbers: the distri-
bution maximum and width and the
number of spectra with a contamination
exceeding 20%. The distribution of both
water and lipid contamination was simi-
lar to the distribution given by the solid
curve of Figure 3. In all studies, the lipid
contamination was slightly larger than
the water contamination. In none of the
studies did the distribution maximum
exceed 10%. The number of spectra
with contamination exceeding 20%
was 1.3% for water and 5.9% for lipid
(mostly close to the skull), averaged
over all studies. Study 4 had an excep-
tionally large number of spectra (15.3%)
with a lipid contamination exceeding
20%. Reexamination of the experimen-
tal parameters showed an operator
error in the positioning of the OVS
pulses.

Another demonstration of the effects
of the OVS procedure on the spectral
quality is presented in Figure 4. An ar-
ray of spectra is shown from a region in
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the right occipital brain through the
skull. The upper two rows of spectra
were obtained from a multisection HSI
study with OVS, and the lower two
rows of spectra, from a multisection HSI
spectroscopic study without OVS, With
OVS, the suppression of lipid signal is
90% or better in spectra from the skull

area. More important, the beneficial ef- -

fect of OVS is clearly seen in other areas
remote from the skull. This is because
the large unsuppressed lipid resonances
can bleed into the spectra of brain re-
gions, partly from the shape of the
point spread function being less than
ideal and partly from patient motion.
The latter effect seems to be the largest,
since the lipid contamination does not
decrease with distance from the skull.

Discussion

A multisection approach allows si-
multaneous acquisition of multiple sec-
tions without a time, resolution, or sig-
nal-to-noise penalty. This is made
possible by using a simple spin-echo
sequence that excites magnetization in
only the section under study. This is
unlike conventional VOI preselection,
which is based on sequential excitation
of orthogonal planes, perturbing the
magnetization in all sections. A problem
with single-section excitation without
volume preselection in all dimensions is
the bleed of lipid from skull into brain
spectra (27). To avoid this, outer volume
suppression is employed prior to the
HSI sequence.

The combination of consecutive sin-
gle-section excitation and OVS has ad-
ditional advantages. The HSI spin-echo
sequence achieves slightly higher sig-
nal-to-noise ratio for the metabolites,
because only one RF refocusing pulse is
used. In addition, motion sensitivity is
decreased. This is due to the substan-
tially decreased gradient crushers
around the remaining refocusing pulse
as compared with the conventional

number. of voxels (%)

lipid contamlnatl_on (%)

Figure 3. Comparison of lipid contamina-
tion with OVS (A) and without OVS (A). The
histogram shows the percentage of voxels of
the brain as a function of the lipid contami-
nation. The units of contamination are given
as a percentage of the maximum integrated
NAA intensity. The noise level is at about 6%.
Values were obtained from the most inferior
section (including cerebellum, upper brain-
stem, and cerebrum just above the sinuses)
from a study of four sections.

method (27). With our method, the
same single section is excited by both
90° and 180° RF pulses and thus, less
unwanted magnetization has to be de-
phased. We also found that water sup-
pression is superior to that obtained
with previous methods of ours, per-
formed with hardware identical to that
used in this study. This improved per-
formance is attributed to the following:
First, water signal from skull areas,
which is difficult to saturate with the
CHESS sequence because of susceptibil-
ity effects, is partially suppressed by the
OVS sequence; second, the repetitive,
single-section excitation without vol-
ume preselection avoids excitation of
water outside the VOI; third, water sup-
pression is repeated for each section but
affects water in all sections, leading to
an effective TR shorter than the T1 of
water, thereby providing some addi-
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Figure 4. Array of spectra (magnitude mode) from an area in the occipital region including the skull, obtained with OVS (upper two rows)
and without OVS (lower two rows). Resonances in brain spectra (left four spectra in each row) are easily recognized at 2.0 ppm (NAA), 3.0 ppm

‘(total creatine), and 3.2 ppm (choline). Strong lipid resonances are seen without OVS in the skull region. Notice the effective suppression with

OVS and the resulting reduction in lipid bleeding into the brain spectra and into the “empty” region represented by the spectra on the right.

tional water suppression due to satura-
tion effects. As a consequence, there was
no need to apply postprocessing water
suppression (34).

In conclusion, multisection spin-echo
HSI combined with OVS for lipid sup-
pression and with frequency-selective
water suppression effectively increases
the information density of single-sec-
tion HSI in a clinically feasible measure-
ment time. This robust sequence has
several additional advantages compared
with conventional methods: improved
water and lipid suppression, less mo-
tion artifact, improved performance
close to the skull, and improved signal-
to-noise ratio. ®
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